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Similarities between Subgroups™
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subtypes of articular cartilages.
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(Background: Are there differences in protein patterns relating to different cartilage properties?
Results: Quantitative proteomics of cartilage from articulating joints, trachea, rib and intervertebral disc revealed distinct

Conclusion: Observed differences are pronounced between different types of cartilage, whereas less marked significant between

Significance: The data provides novel insights into tissue structure-function and tropism of disease.
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Human synovial joints display a characteristic anatomic
distribution of arthritis, e.g. rheumatoid arthritis primarily
affects the metacarpophalangeal and proximal finger joints,
but rarely the distal finger joints, whereas osteoarthritis
occurs in the distal and proximal finger joints. Pelvospondy-
litis has a selective localization to the spine and sacroiliac
joints. Is this tropism due to differences between the carti-
lages at the molecular level? To substantiate this concept the
present study provides a background detailed compositional
analysis by relative quantification of extracellular matrix pro-
teins in articular cartilages, meniscus, intervertebral disc, rib,
and tracheal cartilages on samples from 5- 6 different indi-
viduals using an optimized approach for proteomics. Tissue
extraction followed by trypsin digestion and two-dimen-
sional LC separations coupled to tandem mass spectrometry,
relative quantification with isobaric labeling, iTRAQ™, was
used to compare the relative abundance of about 150 pro-
teins. There were clear differences in protein patterns
between different kinds of cartilages. Matrilin-1 and epiphy-
can were specific for rib and trachea, whereas asporin was
particularly abundant in the meniscus. Interestingly, lubricin
was prominent in the intervertebral disc, especially in the
nucleus pulposus. Fibromodulin and lumican showed distri-
butions that were mirror images of one other. Analyses of the
insoluble residues from guanidine extraction revealed that a
fraction of several proteins remained unextracted, e.g.
asporin, CILP, and COMP, indicating cross-linking. Distinct
differences in protein patterns may relate to different tissue
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mechanical properties, and to the intriguing tropism in dif-
ferent patterns of joint pathology.

Cartilage consists of a relatively sparse number of chondro-
cytes surrounded by an extensive extracellular matrix (ECM),?
where the prominent components are collagens, proteoglycans,
and water. Collagens, mainly composed of type II together with
type XI and type IX, form a fibrillar network that contributes
tensile stiffness and strength to the tissue (1). The large aggre-
gating proteoglycan, aggrecan, is a major highly negatively
charged component attracting positively charged counterions
and thereby water enabling the tissue to withstand load and
compressive forces (2). There are also other noncollagenous
proteins with different important roles, e.g. maintaining overall
structure and modulating tissue formation (3, 4). Although
forming only a small fraction of the total matrix, these proteins
may be vital for cartilage function. The numbers of identified
proteins in cartilage have been rather limited and therefore new
means such as proteomics technology have been applied to
obtain a deeper understanding of the molecular composition of
the tissues. The progress in technology development during the
last decade has made tissue proteomics available also for ECM-
rich tissues such as cartilage. Some of the obvious targets for
cartilage proteomics include surveillance and search for altera-
tions in disease. Characterization of molecular differences
between cartilage subtypes will provide a background for
understanding different functionalities and disease patterns.
There are two major concerns in cartilage proteomics, (i) the
highly anionic macromolecules (mainly aggrecan) and (ii) the
highly abundant collagens (mainly type II). A single aggrecan
molecule may contain in the order of 10,000 fixed negative
charges in the form of oligosaccharides and glycosaminoglycan

2 The abbreviations used are: ECM, extracellular matrix; iTRAQ, isobaric tags
for relative and absolute quantitation; GdnHCI, guanidine HCl; SLRP, small
leucine-rich repeat protein; PRELP, proline and arginine-rich end leucine-
rich repeat protein.
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chains. This extreme charge density can interfere with protein
separations such as ion exchange chromatography. Upon SDS-
PAGE, the heterogeneity of post-translational modifications
causes streaking and smearing of bands. Several approaches
circumventing this problem have been reported, e.g. the use of
cetylpyridinium chloride to precipitate proteoglycans (5, 6), the
use of CsCl gradient ultracentrifugation to remove aggrecan
(7), and the use of chondroitinase ABC for digestion of glyco-
saminoglycan chains into disaccharides (8, 9). All these
approaches have been used in combination with gel electropho-
resis for the protein separation. However, the use of chondroiti-
nase and N-glycosidase might change the proteome signifi-
cantly due to incubations at physiological conditions with
potential unknown enzymatic activity still present in the sam-
ple. Moreover, there are several challenging features of other
ECM molecules including processing of procollagen, covalent
cross-linking, and post-translational modifications such as gly-
cosylation, sulfation, and phosphorylation. These variables in
analyses can be circumvented by focusing on the unmodified
peptides released upon well defined trypsin proteolysis in solu-
tion. These peptides can be analyzed using two-dimensional
liquid chromatography separations in combination with mass
spectrometry. The use of chemical isotope labels such as iso-
baric tags for relative and absolute quantitation (iTRAQ)
enable multiplex proteomics (10). The 4-plex system used in
the current study allowed three tissue samples to be analyzed in
each sample set with an internal constant reference sample
used for comparison. The amine-reactive isobaric label release
signature ions upon MS-MS fragmentation that can be used for
relative quantitation between tissue samples, in this case rela-
tive to a reference made up to represent all the tissues analyzed.
The analysis revealed distinct differences in the composition of
different cartilaginous tissues at the same time as many pro-
teins were similarly represented.

EXPERIMENTAL PROCEDURES
Materials

Guanidine hydrochloride (GdnHCI) and anhydrous sodium
acetate (NaAc) were purchased from Merck (Darmstadt, Ger-
many). N-Ethylmaleimide, 6-aminocaproic acid, benzamidine
hydrochloride hydrate, dithiothreitol (DTT), iodoacetamide,
KClI, potassium phosphate, KH,PO,, ammonium bicarbonate,
formic acid, and the mass calibrant erythromycin were pur-
chased from Sigma. The HPLC grade acetonitrile was from
Rathburn (Walkerburn, Scotland). Trypsin gold mass spec-
trometry grade was purchased from Promega (Madison, WI).
Homemade stagetips (11) were made from 47-mm Empore C18
extraction discs (3M, Minneapolis, MN). ITRAQ kits were pur-
chased from AB Sciex (Foster City, CA). The water used in the
experiments was purified using a MilliQ apparatus (Millipore,
Billerica, MA).

Cartilage Sample Preparation

Dissection, Pulverization, and Extraction—Samples, 4 males
and one female with no previous disease history, were obtained
from forensic medicine cases at the University of Oslo and
approved by the local ethical committee. All samples were from
ages within a range of 36 -50 years. Approximately 1 X 1-cm
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cartilage pieces were dissected from each tissue. The macro-
scopically normal articular cartilage samples were taken to full-
depth. The cartilage samples were taken from the following
locations. Costal cartilage from rib 5 at the cartilage to bone
transition; tracheal cartilage from the third tracheal ring over
the bifurcation; meniscus from the medial part proximal to the
articular surface of the medial tibial condyle; intervertebral disc
with a wedge taken frontally from the disc between Th12and L1
and then separating nucleus pulposus and annulus fibrosus
leaving a significant part of the interface between the two struc-
tures; humerus and femoral head cartilage were isolated with a
tangential section of the top of the joint and the full cartilage
thickness sample taken perpendicularly at the center of the
joint surface; knee cartilage from the medial tibial condyle were
taken perpendicularly to the cartilage surface and representing
the full thickness of the tissue.

The following tissues from each five individuals were extract-
ed: articular cartilage (femoral head (F), humeral head (H), and
knee medial tibial condyle (K)), intervertebral disc (annulus
fibrosus (AF) and nucleus pulposus (NP)) and finally meniscus
(M). Tracheal (T) and rib (R) cartilage samples (n = 6) were
obtained from different individuals (24—36 years) than those
described above. Clean dissected, frozen cartilages were pulver-
ized in liquid nitrogen in a chilled metal tube with a mixer mill
type 301 (Retsch, Haan, Germany). Visual inspections of parti-
cles formed were made in a light microscope to optimize set-
tings (3 X 60 s at 25 Hz) with 30 min cooling between steps,
resulting in a homogeneous powder. About 100 mg of powder
was prepared per tissue. The frozen samples were weighed and
extracted using 15 volumes (v/w) of chaotropic extraction
buffer (4 m GdnHCI, 50 mM NaAc, 100 mm 6-aminocaproic
acid, 5 mm benzamidine, 5 mm N-ethylmaleimide, pH 5.8) for
24 h on an orbital shaker at +4 °C. Extracts were collected after
centrifugation at 13,200 X g and +4 °C for 30 min. The pellet
(extraction residue) was further processed as described below.

Quantitative Sample Preparation—A volume of 200 ul of
extract was transferred into a 2-ml tube reduced by 4 mm DTT
(at +56 °C for 30 min shaking) and alkylated by 16 mm iodoac-
etamide (room temperature for 1 h in the dark). The extracts
were precipitated with ethanol (9:1) overnight at +4 °C before
centrifugation (13,200 X g at +4 °C for 30 min) followed by
ethanol wash for 4 h at —20 °C to remove residual GdnHCl and
other salts. Samples were dried in a SpeedVac and suspended in
100 ul of 0.1 M triethylammonium bicarbonate, pH 8.5, before
trypsination with 2 ug of trypsin gold at +37 °C on a shaker for
about 16 h. An aliquot of 50 ul was dried and used for the
iTRAQ labeling.

The isobaric 4-plex iTRAQ label was used to enable mixing
of up to 3 samples and a reference sample per sample set. The
reference sample, 117, was a mixture of cartilage extracts orig-
inating from femoral head, rib, meniscus, and nucleus pulposus
to have as many proteins as possible represented in the relative
quantification. All samples were compared with this reference
sample and ratios between sample and reference were calcu-
lated. The labeling step was carried out as follows: samples were
redissolved in 30 ul of 0.5 M triethylammonium bicarbonate,
pH 8.5. The iTRAQ reagents were brought to room tempera-
ture, redissolved in 70 ul of ethanol, vortexed, and centrifuged
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immediately before addition to the samples. Incubation was
performed for 1 h at room temperature. The reaction was
stopped by the addition of 100 ul of water. To check the labeling
efficiency an aliquot (0.5%) of the labeled sample was injected
onto the iontrap LC-MS. The generated data were checked for
incomplete labeling using variable iTRAQ modification in the
database search. Labeled digests were dried in a SpeedVac and
washed twice with 500 ul of 50% acetonitrile in 0.1% formic acid
for salt removal and then dried again. Labeled samples were
redissolved in 100 ul of 2% formic acid. The samples were
mixed in a 1:1:1 ratio together with reference sample and
diluted up to 500 ul with cation exchange starting buffer before
injection onto the ion exchange column. Because all analyses
used the same reference, all sample data could be compared by
normalization against this. We selected the articular cartilages
(femoral head, humeral head, and knee medial tibial condyle) as
one mixture (FHK) to analyze because they were expected to be
most similar. The other mixture (MAN) was meniscus together
with the disc structures annulus fibrosus and nucleus pulposus,
whereas the last mixture was rib and trachea in various combi-
nations. All sample sets were treated separately for the database
search before combining them into one dataset. Only the aver-
age ratio (weighted) of all peptide quantities for each protein is
presented.

Sample Preparation (Extraction Residue)

Extraction residues were washed in 4 steps each with 15 vol-
umes of 4 M GdnHCI buffer first for 24 h, the second for over-
night, the third for 2 h, and finally for 1 h. All washes were
performed on a shaker at +4 °C. Samples were centrifuged
between all washing steps to remove the supernatant. Pellets
were re-suspended in 15 volumes of 4 M GdnHCI buffer and
reduced with 10 mm DTT at +56 °C for 1 h, alkylated with 50
mM iodoacetamide at room temperature in the dark for 1 h,
followed by ethanol precipitation as described above. Dried
samples were re-suspended in 500 ul of 0.1 M triethylammo-
nium bicarbonate, pH 8.5, and digested by trypsin, 25 ug were
added in two steps, at +37 °C for 16 + 5 h on a shaker. Digests
were dried and re-dissolved in 1500 ul of 0.1 M triethylammo-
nium bicarbonate. An aliquot of the 100-ul sample was used for
iTRAQ labeling, i.e. the same amount of sample, based on orig-
inal tissue, as for the main guanidine extract.

Off-line Cat-Ion Exchange Chromatography—Initial ion
exchange separations were performed on a micro-LC system
(SMART, Pharmacia, Uppsala Sweden) using a strong cation
exchange column (2.1 mm inner diameter X 100 mm, 5-um
polysulfoethyl aspartamide, pore size 300 A, PolyL.C, Columbia,
MD). Elution was isocratic for 13 min with 99.5% solvent A (10
mM potassium phosphate, 20% acetonitrile, pH 2.8) and 0.5%
solvent B (1 m KCl, 10 mm potassium phosphate, 20% acetoni-
trile, pH 2.8) followed by a 60-min linear gradient of increasing
salt concentration to 130 mwm. Subsequently the gradient
increased over 15 min up to 385 mm KCl and finally for 6 min
up to 1 M salt. Fractions of 300-500 ul were collected in
0.5-ml Eppendorf tubes (Safelock™!, Eppendorf AG, Ham-
burg, Germany).

Mass Spectrometry—Fractions from the off-line strong cat-
ion exchange were dried, redissolved in 60 ul of 0.2% formic
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acid, whereof 10 ul were purified and concentrated using
homemade reversed phase tips, 4 discs thick (11, 12). Retained
peptides were eluted using 10 ul of 50% acetonitrile in 0.1%
formic acid into autosampler glass vials (Qsert, Waters). The
organic solvent was evaporated using a SpeedVac and peptides
were redissolved in 10 ul of 0.2% formic acid before injection
onto the various LC-MS systems.

Iontrap LC-MS—The HCT iontrap MS (Bruker Daltonics,
Bremen, Germany) was equipped with an Ultimate HPLC sys-
tem (LC-Packings, Amsterdam, Netherlands) with a Pep-
map™ nano-precolumn (LC Packings, C18, 300 wm inner
diameter and 5-mm long) and an Atlantis™ analytical column
(Waters, C,5, 3 wm particles, 150 um inner diameter X
150-mm long). The analytical column was coupled to the MS
instrument through a microflow nebulizer. The on-line
reversed-phase separation was performed using a flow rate of
about 1 ul/min and a linear gradient from 5% B (A = 3% aceto-
nitrile in 0.1% formic acid and B = 80% acetonitrile in 0.1%
formic acid) to 55% B in 50 min, followed by a wash for 3 min
with 95% B, and reconditioning to initial conditions in 10 min.
To avoid cross-contamination a blank run for 30 min was
inserted between each sample fraction. The instrument was
operating using data-dependent acquisition by selecting the
three most intense ions, as long as they are multiply charged, for
MS-MS. The equipment was controlled by HyStar™ software
(Bruker Daltonics) and spectra generated were processed using
DataAnalysis™ (Bruker Daltonics), and database (SwissProt
56.9) searches were performed using MASCOT (version 2.1)
MS/MS Ions Search.

Database Searching—The protocol used in this study was
optimized to study peptides lacking major post-translational
modifications such as glycosylations, phosphorylations, and
sulfation. However, due to high abundance of collagens in these
samples, hydroxylation of proline residues were allowed in our
database searches. MASCOT search parameters included: car-
bamidomethylation of cysteine as fixed modification, deamida-
tion (Asn and Gln), and oxidation (Met and Pro) were consid-
ered as variable modifications. Other MASCOT search
parameters were: monoisotopic masses, £0.4Da peptide mass
tolerance, =0.4Da fragment mass tolerance, max miss cleavage
of 2, ion score minimum 20, only highest ranked peptide
matches, and taxonomy Homo sapiens.

Q-TOF LC-MS—The Q-TOF MS (Q-TOF Micro, Waters)
was connected to a CapLC (Waters) with the same type of pre-
column as described above and a Waters Symmetry, C,g,
3.5-um particles, 150 mm long X 75 wm inner diameter ana-
lytical column. The analytical column was coupled to a Pico-
Tip™ needle (New Objective, Woburn, MA). The on-line
reversed-phase separation was performed using a flow rate of
about 250 nl/min and a linear gradient from 5% B (mobile
phases as for the iontrap LC-MS) to 51% B in 60 min, followed
by a wash for 6 min with 95% B, and reconditioning to initial
conditions in 12 min. Blank runs were run as before to minimize
cross-contamination between fractions. The instrument was
operating using data-dependent acquisition by selecting the
four most intense ions as long, as they are multiply charged, for
MS-MS during 5 s.
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Database Searching—The mass spectrometric raw data
were processed using Protein Lynx 2.1 (Waters) and nano-lock-
spray calibration using the erythromycin peak at 716.45 Da
as calibrant mass. The processed files were searched using
MASCOT with the following search parameters: iTRAQ
(N-term), iTRAQ (Lys) and carbamidomethylation (Cys) as
fixed modifications. Mannosylation (Trp), iTRAQ (Tyr),
deamidation (Asn and GlIn), and oxidation (Met and Pro) were
considered variable modifications. Other MASCOT search
parameters were: monoisotopic masses, £0.2 Da peptide mass
tolerance, =0.2 Da MS-MS fragment mass tolerance, max miss
cleavage of 2, ion score of interest >20, only highest ranked
peptide matches and taxonomy Homo sapiens.

Data Analysis—iTRAQ quantification parameters were: sig-
nificant threshold p < 0.05, weighted ratios, no normalization,
minimum number of peptides of 1, minimum precursor
charges of 2, at least homology of 0.05, and software correction
factors for each reporter were included. The individual sample
lists were manually inspected and a few noncollagenous pro-
teins that were identified based on hydroxylation of proline
were removed. A final table was made with all tissue samples
containing average ratios of all proteins (relative to the refer-
ence sample). This table, containing 340 identified proteins
(supplemental Table S1), was further investigated by searching
relevant information on the protein hits in the UniProt knowl-
edge database. Proteins known to represent plasma, e.g. pro-
duced in liver, as well as intracellular, were excluded to obtain a
filtrated list particularly relevant to the extracellular matrix.
Thus, the data filtration with omitting proteins was based on
the following criteria: (i) intracellular proteins, (ii) plasma
proteins, and (iii) additional proteins only quantified in <50%
of all tissues (see supplemental Table 2). The resulting filtrated
list of 92 proteins is presented in Table 2.

Western Blot Analysis

Western blot was used on cartilage extracts from one indi-
vidual to provide information on the quality of the protein and
corroborate the quantitative data obtained by mass spectrom-
etry. Aliquots (5 ul) of cartilage extracts were ethanol precipi-
tated and then separated by gradient 8 —16% SDS-polyacryl-
amide gel electrophoresis under reducing conditions at 70 V for
4 h. Proteins were transferred electrophoretically to nitrocellu-
lose membranes (Amersham Biosciences) blocked with 1%
bovine serum albumin (Serva electrophoresis, Germany) for
asporin and with 5% fat-free milk in 10 mm Tris, 0.15 m NaCl,
0.2% Tween, pH 7.4, for chondroadherin. Blots were incubated
for 1 h at room temperature with primary antibodies (1:1000)
from our laboratory raised in rabbits against chondroadherin
and asporin, respectively. This was followed by incubation for
1 h at room temperature with the secondary antibodies: poly-
clonal swine anti-rabbit HRP conjugate (DAKO A/S Glostrup,
Denmark) at 1:1000 for chondroadherin and due to back-
ground problems an AffiniPure donkey anti-rabbit IgG per-
oxidase conjugate (Jackson Immunoresearch, West Grove,
PA) used at 1:5000 dilution for asporin. Protein bands were
visualized using the ECL chemiluminescence system (GE
Healthcare).

18916 JOURNAL OF BIOLOGICAL CHEMISTRY

Multivariate Analysis

The filtrated list of 92 proteins in Table 2 was used for mul-
tivariate analysis. The analysis was performed at the Lund
University SCIBLU genomics center (Dr. Srinivas Veerla).
Unsupervised hierarchical clustering analysis using Pearson
correlation (X500 randomized data) as the distance matrix was
performed (supplemental Fig. 1). ¢ test analyses were performed
to detect significantly different protein expressions in separate
“pairwise” tissue comparisons (p = 0.05) (supplemental Table
S3).

RESULTS

Optimization of Procedures—As mentioned above the
strongly anionic macromolecules mainly represented by aggre-
can, and the highly abundant collagen, make the protein extrac-
tion and identification of other proteins challenging. In the
non-gel approach where the separations are performed at the
peptide level, the anionic pool of modified peptides (and pro-
tein fragments) should not interact with the strong cation-ex-
change column in the first dimension of separation. Indeed in
pilot experiments,® comparing the normal extract with extract
depleted in aggrecan and larger glycosaminoglycan-containing
aggrecan fragments using CsCl gradient ultracentrifugation,
neither showed any significant differences in the number of
proteins identified nor the appearance of cationic separation.
Therefore the ultracentrifugation step was omitted, enabling a
less complex sample protocol compatible with very small
amounts of tissue samples.

Initially, we tried a pre-extraction with phosphate-buffered
saline to wash out noncartilage proteins such as plasma pro-
teins from the tissue samples. However, this buffer wash also
contained typical ECM proteins as in GdnHCI extracts result-
ing in an apparent risk for loss of relevant sample components.
Therefore, this step was omitted. Direct tissue extraction by
trypsin digestion yielded lower numbers of identified proteins.
In the initial experiments, we compared guanidine extraction
for 24 and 48 h and found no significant quantitative changes
(average top 40 proteins, p = 0.05) by doubling the extraction
time. Thus, 24 h was used throughout this work.

Method Performance—The generated data are based on the
weighted average ratio for each protein and the number of
measurements vary from #» = 1 (in the few instances listed in
italics) to several hundreds. There is only one set of runs for
each sample set because the instrumental variation was found
to be small with coefficients of variation (CVs) in the range of
<10%. One trypsin-digested sample was diluted at three levels
1:2:5, and we obtained a measured ratio of 1:1.82(*0.05):
5.21(*0.17) as an average for the top 25 proteins in the identi-
fication list and the relative S.D. was <10% (p = 0.05). The
errors increase with a lower number of peptides used for quan-
tification as well as for larger differences with ratios far from 1.
We also estimated the experimental error for the entire proce-
dure by preparing 4 equal samples from extract to iTRAQ
quantification using the same articular cartilage powder (fem-

3P. Onnerfjord, A. Khabut, F.P. Reinholt, O. Svensson, and D. Heinegérd,
unpublished data.
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TABLE 1
Screening of cartilage subtypes using qualitative proteomics for 8 tis-
sue samples

Data were merged from 28 LC-MS runs in off-line two-dimensional LC-MS
(iontrap).

No. proteins/peptides

Tissue extractions identified
Femoral head 123/2959
Humeral head 197/3345
Tibial plateu (knee) 182/2806
Meniscus 198/2705
Disc annulus fibrosus 120/2507
Disc nucleus pulposus 141/4158
Rib 160/2421
Trachea 164/854

oral head) and the observed ratios with one sample as reference
were calculated (p = 0.05) to: 1:0.97(%0.02):1.02(%0.04):
0.98(£0.02) as the average for the top 100 proteins. The biolog-
ical variation is notably much larger.

Qualitative Proteomics—W e investigated the feasibility of a
quantitative proteomics study by performing the preliminary
screening of eight cartilage subtypes using a qualitative pro-
teomics approach including off-line two-dimensional LC-MS
in combination with an Ion Trap mass spectrometer. This set
up is faster than the Q-TOF MS allowing more MS-MS exper-
iments to be performed but is lacking the capability of quanti-
fication, obtained by the iTRAQ technology, due to its low mass
cut-off limit. This qualitative proteomics approach identified
121-200 proteins in each tissue extract and ~2000 — 4000 pep-
tides (see Table 1). All tested tissues included typical proteins of
the extracellular matrix but significant amounts of plasma orig-
inating proteins were detected in some samples. However, the
typical extracellular cartilage proteins were dominating the
protein lists. Collagens were not overwhelming, in line with a
poor extractability due to cross-linking. If a single tissue had
created particular problems, these would have been identified
before pursuing mixing the selected tissue samples. For data
comparisons between various tissues, Proteincenter (Proxeon
A/S, Odense, Denmark) software was used. This software
enabled us to make simple comparisons, e.g. what proteins are
present in rib or tracheal cartilages although not present in
articular cartilage. The matching proteins were matrilin 1, type
X collagen, and epiphycan, being unique to rib and tracheal
cartilages. This type of comparison (n = 1) illustrated the fea-
sibility of performing quantitative tissue comparisons using rel-
ative quantifications with iTRAQ labeling.

Quantitative Proteomics—All tissues tested in the qualitative
proteomics experiment were selected for quantitative compar-
ison. The sample preparation for quantitative proteomics
included dissection, pulverization, extraction, reduction, alky-
lation, precipitation, and digestion by trypsin into peptide mix-
tures and their derivatization by a given iTRAQ reagent for
each tissue and individual. All samples were weighed after pul-
verization and this wet weight was the reference for subsequent
calculations. The multiplex strategy involved 3 tissue extract
peptide preparations being mixed together with a constant ref-
erence sample of a representative cartilage tissue mixture
treated in the same way. The isobaric labels react to give the
same mass adduct to all peptides, regardless of their origin. All
peptides of a given identity will have identical properties in
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FIGURE 1. MS-MS spectrum of the peptide ion m/z = 484.74Da (2+) illus-
trating the multiplex method. Samples from the meniscus, M (label 114),
annulus fibrosus, AF (115), and nucleus pulposus, NP (116) were mixed with a
reference sample (117) and the individual low mass reporter signals (114-
117) are shown in the inset for the relative quantification. The other fragment
ions are used for the identification using a database search in this case iden-
tifying the asporin peptide AFLTTK.

chromatography and mass screening. However, upon fragmen-
tation in MS-MS the individual peptide origin will be revealed
from the release of a reporter ion, a fragment from the iTRAQ
label, and quantification relative to the reference sample pep-
tide signal can be performed, see also Fig. 1. In this example the
MS-MS experiment identified an asporin peptide and the rela-
tive signal clearly shows that the level of this peptide is far
greater in meniscus compared with the intervertebral disc
structures (see also protein levels in Fig. 4a). The resulting pro-
tein list, including the weighted average protein ratio (versus
reference sample) for each individual sample, is presented in
supplemental Table S1 (totally 340 identified proteins). To sim-
plify the analysis a biased list of 92 proteins considered to be
particularly relevant for the extracellular matrix was generated
(Table 2). In this attempt to filter the data, plasma and intracel-
lular proteins were omitted. The data obtained in this work
were further analyzed using two approaches. The relative pres-
ence of individual proteins between tissues was determined or
all proteins in all tissues were investigated using multivariate
analysis (similar to the established approach for analysis of
DNA microarray data).

Protein Extractability—Most work on extraction yields of
cartilage has been focused on aggrecan being efficiently
extracted and collagen retained due to cross-linking. Interest-
ingly with age an increasing proportion of matrilin-1 (cartilage
matrix protein) in bovine tracheal cartilage resists such extrac-
tion possibly due to cross-linking (13). A small fraction of
aggrecan that resists extraction from bovine nasal cartilage has
also been reported (14). This un-extracted pool becomes larger
if the tissue is not cut into sufficiently small pieces shown for
articular cartilage (15). In view of potential and variable cross-
linking and thus extractability we decided to quantify proteins
in GdnHCl extraction residues from tissue samples. These were
digested with trypsin after reduction and alkylation to release
peptides that were not covalently bound. The iTRAQ labeling
was performed for the peptides released from residues for rel-
ative quantification as described previously. All extraction res-
idues showed predominant identifications of collagens (mainly
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TABLE 2

Filtered data on relative quantitative proteomics data

Average ratios versus the reference sample are listed, #n = 6 for rib and tracheal cartilages, whereas n = 5 for the other tissues. Accession numbers are from the SwissProt
database. The complete list is available in supplemental Table S1. Single peptide quantifications are shown in italics.

Accession
Protein name No. Femur Humerus Tibia Meniscus AF* NP” Rib Trachea

Aggrecan core protein P16112 1.83 1.20 1.34 0.13 1.22 1.03 1.30 1.14
al-Antichymotrypsin P01011 0.47 0.96 0.95 1.87 1.07 3.42 0.57 0.48
al-Antitrypsin P01009 0.41 0.81 0.81 1.55 0.99 2.25 1.41 0.67
Angiogenin P03950 2.69 2.98 2.26 0.40 3.65 3.39 2.96 2.21
Angiopoietin-related protein 2 Q9UKU9 1.93 0.77 0.95 0.31 1.47 0.80 0.52 0.81
Angiopoietin-related protein 7 043827 ND¢ ND ND 1.38 1.11 0.64 2.61 0.84
Apolipoprotein A-I P02647 0.76 2.06 1.93 2.60 0.60 1.33 0.57 1.36
Apolipoprotein D P05090 ND ND ND 0.62 2.21 6.99 3.53 1.89
Asporin Q9BXN1 0.15 0.24 0.54 3.08 0.36 0.38 0.13 0.16
Augurin Q9H17Z8 1.19 1.57 1.31 0.17 0.45 0.12 1.52 0.41
Basement membrane-specific HS P98160 1.09 1.30 0.97 0.78 1.07 0.44 1.39 1.94

proteoglycan (Perlecan)
Biglycan P21810 1.21 1.75 1.14 0.73 0.52 0.33 1.44 1.29
Cartilage intermediate layer protein 1 075339 1.16 0.38 0.68 0.39 1.20 0.70 0.55 0.13
Cartilage intermediate layer protein 2 QSIULS 1.86 1.52 1.69 0.84 1.27 1.13 0.29 0.26
Cartilage matrix protein P21941 0.10 0.14 0.12 0.08 0.10 0.07 4.29 5.48
Cartilage oligomeric matrix protein P49747 1.70 1.22 2.02 1.40 1.49 1.23 0.26 0.08
C-C motif chemokine 21 000585 0.26 0.28 0.25 ND ND ND 2.83 2.29
Chondroadherin 015335 1.27 1.24 0.58 0.12 1.14 1.31 1.95 1.85
Chondroitin sulfate proteoglycan 4 Q6UVK1 ND ND ND ND ND ND 1.69 1.65
Chondromodulin-1 075829 0.29 0.12 0.09 ND ND ND 2.47 2.82
Clusterin P10909 1.59 0.81 1.29 0.93 1.67 1.85 0.63 0.49
Coiled-coil domain-containing protein 80 Q76M96 0.52 0.52 0.35 0.10 1.49 1.78 1.80 0.76
Collagen a-1(I) P02452 1.21 2.34 1.16 1.83 1.14 0.67 1.10 1.06
Collagen a-1(II) P02458 2.04 3.92 1.67 0.15 1.01 0.82 1.57 1.46
Collagen a-1(III) P02461 1.06 2.20 2.17 2.30 0.82 0.85 0.31 0.32
Collagen a-1(IX) P20849 3.96 6.76 4.21 ND ND ND 3.86 3.12
Collagen a-1(V) P20908 1.09 2.11 1.53 2.44 1.69 0.37 ND ND
Collagen a-1(VI) P12109 0.47 0.98 0.88 2.15 0.62 0.49 0.49 0.94
Collagen a-1(X) Q03692 0.22 0.20 0.08 0.12 0.24 0.10 3.78 1.19
Collagen a-1(XI) P12107 0.88 1.76 1.14 1.55 1.58 1.03 1.14 1.47
Collagen a-2(I) P08123 0.24 0.49 0.46 2.47 1.32 0.55 0.40 0.69
Collagen a-2(IX) Q14055 ND ND ND 0.16 0.41 0.58 2.57 3.60
Collagen a-2(V) P05997 1.35 1.88 1.64 0.36 0.72 0.60 1.93 1.13
Collagen a-2(VI) P12110 0.56 1.19 1.07 2.17 0.72 0.55 0.60 1.10
Collagen a-2(XI) P13942 0.88 1.31 0.76 2.13 2.29 1.12 1.18 1.75
Collagen a-3(VI) P12111 0.48 0.97 0.82 2.17 0.67 0.51 0.55 1.06
C-type lectin domain family 11A Q9Y240 1.02 1.55 1.03 0.08 0.71 0.47 0.77 0.83
C-type lectin domain family 3A 075596 0.87 1.60 0.52 0.14 0.77 0.56 1.62 1.48
C-X-C motif chemokine 14 095715 ND ND ND ND ND ND 1.91 1.84
Decorin P07585 0.85 0.82 1.24 1.56 1.18 0.55 0.40 0.15
Dermatopontin Q07507 ND ND ND 2.30 1.00 1.51 ND ND
Ectonucleotide pyrophosphatase/ P22413 ND ND ND ND ND ND 3.15 4.04

phosphodiesterase 1
EGF-like repeat discoidin I-like domain- 043854 0.90 0.73 0.55 0.35 1.24 0.93 1.01 0.38

cont. protein 3
Epiphycan Q99645 ND ND ND ND ND ND 2.70 2.36
Extracellular superoxide dismutase [Cu-Zn] P08294 0.54 0.88 0.84 1.23 1.15 1.13 1.47 0.62
FGF-binding protein 2 QI9BY]JO 2.25 2.02 1.25 0.25 1.66 1.30 1.23 0.82
Fibromodulin Q06828 1.38 1.66 1.24 0.80 0.75 0.30 1.59 1.14
Fibronectin P02751 0.52 0.32 0.70 0.17 1.68 1.72 0.70 0.12
Galectin-1 P09382 0.74 1.42 1.45 215 0.61 0.37 1.23 2.12
Galectin-3 P17931 ND ND ND ND ND ND 1.56 3.01
Glia-derived nexin P07093 0.29 0.22 0.14 0.29 1.72 2.17 ND ND
HHIP-like protein 2 Q6UWX4 2.39 2.08 1.36 0.44 1.86 1.73 ND ND
Hyaluronan and proteoglycan link protein P10915 2.28 1.26 0.93 0.06 0.53 0.33 1.72 1.45
Immunoglobulin superfamily containing 014498 ND ND ND ND ND ND 1.21 1.15

LRR protein
Inter-a-trypsin inhibitor heavy chain Q6UXX5 1.31 0.88 0.61 ND ND ND 1.52 5.70

H5-like protein
Lactadherin Q08431 0.92 0.59 0.45 0.37 0.76 0.37 2.25 1.82
Leukocyte cell-derived chemotaxin-2 014960 1.42 1.46 1.14 0.20 1.60 1.43 1.43 3.08
Lubricin (Proteoglycan 4) Q92954 0.51 0.33 0.36 0.32 1.89 4.59 0.08 0.09
Lumican P51884 0.32 0.51 1.01 1.47 1.61 1.30 0.18 0.12
Lysozyme C P61626 1.18 0.68 0.66 0.11 1.20 1.37 3.64 10.91
Matrilin-3 015232 1.46 0.54 0.77 0.10 0.09 0.06 1.89 1.25
Matrix Gla protein P08493 ND ND ND ND ND ND 1.22 2.25
Microfibril-associated glycoprotein 4 P55083 ND ND ND 1.53 1.83 1.01 0.95 1.55
Mimecan P20774 0.37 1.05 1.52 2.35 1.38 0.97 0.12 0.21
Nidogen-2 Q14112 ND ND ND ND ND ND 1.65 4.45
Osteoadherin Q99983 1.62 1.53 1.67 0.36 1.62 0.97 1.62 0.55
Phospholipase A,, membrane associated P14555 6.82 2.61 4.97 0.14 1.14 0.98 1.20 1.63
Pleckstrin homology domain-containing Q9Y2H5 5.47 1.99 4.06 0.10 0.94 1.01 0.83 2.16

family A6
Procollagen C-endopeptidase enhancer 1 Q15113 1.09 2.00 1.16 4.02 1.56 2.15 ND ND
Procollagen C-endopeptidase enhancer 2 QI9UKZ9 1.41 1.42 1.56 1.84 1.44 1.75 1.10 1.45
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Accession
Protein name No. Femur Humerus Tibia Meniscus AF” NP” Rib Trachea
PRELP P51888 1.01 1.27 1.21 1.24 0.88 0.43 1.27 0.91
Protein S100-A1 P23297 3.56 3.70 2.55 1.11 0.75 1.18 5.99 4.53
Protein S100-A9 P06702 0.68 1.00 0.48 0.61 3.95 5.37 0.37 213
Protein S100-B P04271 1.59 2.31 1.15 0.16 0.27 0.33 2.85 4.36
Retinoic acid receptor responder protein 2 Q99969 2.69 2.79 2.06 0.99 1.10 0.75 1.40 1.81
Secreted frizzled-related protein 3 Q92765 ND ND ND 0.15 0.26 0.35 1.83 1.47
Serine protease HTRA1 Q92743 0.74 0.36 0.73 0.43 2.13 1.92 0.20 0.24
SPARC P09486 0.23 0.86 0.34 0.16 0.36 0.19 1.81 0.56
SPARC-related modular calcium-binding QI9H3U7 2.14 0.87 1.08 ND ND ND ND ND
protein 2
Sushi repeat-containing protein SRPX2 060687 0.70 1.25 0.92 0.27 0.49 0.42 2.10 1.64
Target of Nesh-SH3 Q7Z7G0 0.15 0.24 0.33 0.97 2.00 2.55 0.06 0.10
Tenascin P24821 0.73 16.22 2.86 3.22 1.77 1.07 ND ND
Tenascin-X P22105 0.48 1.10 0.84 2.88 0.45 0.42 ND ND
Tetranectin P05452 1.19 2.41 1.81 2.40 0.22 0.10 0.76 2.29
TSP type-1 domain-containing protein 4 Q6ZMPO ND ND ND ND ND ND 13.50  23.96
Thrombospondin-1 P07996 0.99 1.10 0.98 1.96 0.92 0.34 1.11 0.96
Thrombospondin-3 P49476 1.01 0.96 1.29 1.30 1.18 0.82 0.39 0.10
TGF-B-induced protein ig-h3 Q15582 0.52 2.84 1.39 2.49 1.22 1.20 1.13 1.38
TNF receptor superfamily member 11B 000300 0.14 0.09 0.03 0.21 2.38 1.80 ND ND
Versican P13611 0.24 0.20 0.32 1.49 2.27 3.01 0.30 0.31
Vitrin Q6UXI7 3.22 11.35 1.77 ND ND ND ND ND
Vitronectin P04004 1.05 1.55 2.19 4.07 0.69 0.89 0.73 1.41
“ AF, annulus fibros.
» NP, nucleus pulposus.
¢ND, not determined.
) ) T
L, I1, and III). However, also certain noncollagenous matrix pro-
teins such as members of the leucine-rich repeat protein family, SOTMIT & I e e WA a Fomoral H
cartilage oligomeric matrix protein, COMP (articular carti- 804 Tl U TR T 8 Humeral H
. o . . O Tibial ki
lage), and high levels of matrilin-1 (rib/tracheal cartilages) were Moo
. . . 70 AR SR N 1 R AR e
found in the residues. It should be noted that there was still an 3 Annulus F
ONucleus P

insoluble residue even after trypsin digestion. We believe that
this material primarily represents insoluble cross-linked
collagen.

The data were used to calculate protein extractability, i.e. the
amount that was extracted by 4 M GdnHCI (the extract) versus
the sum of the extract plus the amount released upon trypsin
digestion of the residue (residual extract). Most ECM proteins
were extracted with yields of 80 —100% from most tissues. How-
ever, the overall extractability was generally lower from rib and
tracheal cartilages. The results for representative proteins are
presented in Fig. 2, where aggrecan, chondroadherin (CHAD),
and decorin show high yields in the extract, whereas asporin,
lubricin, and COMP have lower yields from rib and tracheal
cartilages as well as from the intervertebral disc structures. The
level of collagen II extracted with GdnHCI was close to 10% of
that extracted with enzyme treatment but the bulk of the
protein is probably still present in the final residues because this
triple helical collagen is quite insensitive to trypsin digestion.
The collagen VI chains, which form beaded filamentous net-
works (16), are not covalently cross-linked and are conse-
quently extracted efficiently more like the noncollagenous pro-
teins (data not shown). An additional protein, fibrillin-1, was
detected in the extraction residues only. This protein suppos-
edly associated with matrix microfibrils that are suggested to be
cross-linked (17-19), as corroborated by our findings. Notably,
we found significant quantities of only one of the fibrillins.

Individual Protein Distributions—The distributions of indi-
vidual proteins across various tissues were studied in detail and
some of the more striking findings are presented in Fig. 3 where
aggrecan, matrilin-1, and lubricin are presented. Overall the
average levels of aggrecan were similar in tissues with the
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FIGURE 2. Extractability of selected proteins. Extractability is defined as the
percentage recovered in extracts using 4 M GdAnHCl compared with the sum of
amountsin extract + residue, the latter released upon trypsin digestion of the
extraction residue, error bars indicate the S.D. at p = 0.05. Selected tissues
include femoral head, humeral head, tibial knee articular cartilages, meniscus,
annulus fibrosus, nucleus pulposus, rib, and tracheal cartilages.

meniscus as a striking exception, showing pronouncedly lower
amounts than present in all other tissues. Matrilin-1 is only
detected in rib and tracheal cartilages, confirming previous
findings where the protein was neither detected in articular
cartilage nor in the intervertebral disc (20). In mice, mRNA
expression was neither found in the intervertebral disc nor in
the articular cartilage (21). Lubricin, also called superficial zone
protein, is highly expressed in the superficial zone of the artic-
ular cartilage (22). We have measured the average level of lubri-
cin protein in full-depth cartilage where a small contribution
from the superficial parts would be diluted and partially
obscured. We found markedly higher levels of lubricin in the
intervertebral disc structures than in other cartilage subtypes,
with the highest amount detected in the nucleus pulposus. We
detected significant amounts of lubricin in the meniscus,
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whereas the levels in rib and tracheal cartilages were barely
detectable. Lubricin has previously been reported to be present
in the bovine meniscus (23).

The small leucine-rich repeat proteins (SLRPs) are com-
monly expressed in cartilage tissues. Protein levels of members
of the four subfamilies are presented in Fig. 4, a (class I), b (class
1), and c (class III and IV). In class I, the asporin content in
articular cartilage seems to be the highest in the tibial condyle,
but the level in the meniscus was even higher, i.e. 6- and 20-fold
compared with medial tibial condyle and femoral head carti-
lage, respectively. The distribution between tissues of the
related proteins decorin and asporin shows similarities with the
highest levels in the meniscus of both (Fig. 44). The biglycan
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FIGURE 3. Average ratios of the individual proteins aggrecan, lubricin
and matrilin-1 in various tissues. Tissues include articular cartilage from
femoral head, humeral head, and tibial knee condyle as well as samples from
meniscus, annulus fibrosus, nucleus pulposus, rib, and tracheal cartilages.
Error bars are calculated using the confidence interval at p = 0.05andn =5
(n = 6 for rib and trachea).

distribution is quite different with higher levels in tissues where
the other two members of the class I are lower and vice versa.
Interestingly, as shown in Fig. 4b the relative ratios of fibro-
modulin and lumican differ between the tissues such that when
one of the proteins is high the other is low. For the other class II
group members in Fig. 4, proline and arginine-rich end leu-
cine-rich repeat protein (PRELP) showed a similar distribution
as fibromodulin. Osteoadherin was detected in samples from
articular cartilages but was variably present in the other tissues.
From class III (Fig. 4c) mimecan and epiphycan presented com-
pletely different protein patterns. Mimecan is easily quantified
in all cartilages except from the rib and trachea, where the levels
are very low. Epiphycan is on the other hand only detected in rib
and tracheal cartilages. The integrin and collagen binding
CHAD, class IV, showed uniquely low levels in the meniscus
compared with other tissues investigated in a kind of mirror
image to asporin.

Validation of Proteomics Data with Corresponding Western
Blots—The quantitative data from asporin and CHAD, two
proteins with opposite patterns, uncovered using the described
mass spectrometric approach was further evaluated by West-
ern blots of a selected range of tissues (Fig. 4, a and ¢). The blot
was performed on samples from one individual, whereas the
MS data shown are an average of five samples. The asporin blot
(Fig. 4a, inset), corroborating the MS data, detected a strong
signal in meniscus, whereas only very weak bands were found in
cartilage samples from femoral head, tibial knee, and annulus
fibrosus. Also the blot indicated that the asporin in the menis-
cus was fragmented and that this may also be the case for the
protein in the disc. The CHAD Western blot (Fig. 4¢, inset)
shows good correlation with the MS data, detecting the lowest
amount in the meniscus. Additionally, the blot indicates that
there are protein fragments primarily in the intervertebral disc.

Multivariate and Pairwise Tissue Comparisons— The multi-
variate analysis, based on the data in Table 2, demonstrated a
sample clustering according to supplemental Fig. S1. The indi-
vidual samples from the same tissue types were clustered
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FIGURE 4. Relative protein abundance pattern, in cartilaginous tissues, of SLRPs family. The SLRPs of class | are shown in g, class Il in b, and class lll and IV
in c. Error bars are calculated using the confidence interval at p = 0.05 and n = 5 (n = 6 for rib and tracheal cartilages). The Western blot insets for asporin and
chondroadherin show bands with intensities that correlate with the iTRAQ data.
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FIGURE 5. Proteins significantly different (p = 0.01) in abundance
between femoral head (F) and tibial knee (K) articular cartilage using
paired t tests. High protein abundances are indicated in yellow, whereas low
abundances are in blue. Samples with the same number, e.g. F7 and K7, cor-
respond to the same individual.

together allowing them to be defined based on the data set. The
meniscus tissue is the prime tissue to diverge and therefore it is
most different from the other tissues. The disc structures were
next to separate from the other tissues. The related structures
of the annulus fibrosus and nucleus pulposus were somewhat
intermingled, probably due to smaller differences in their pro-
tein patterns. The other cartilages were separated into three
distinct groups, knee-hip, shoulder, and trachea-rib, respec-
tively. Because overall clustering was promising it was reason-
able to make pairwise comparisons of different tissues. An
example is comparison of the individual samples from femoral
head versus the medial tibial cartilage graphically presented in
Fig. 5. Significant distinctions between the tissues are observed
with high probability (p = 0.01). The details of pairwise com-
parisons are presented in supplemental Table S3, a—k and
include femoral head as a representative of an articular cartilage
being compared with all the other tissues except meniscus,
which was compared with tibial condyle. The disc structures of
the annulus fibrosus versus nucleus pulposus, the annulus
fibrosus versus meniscus, as well as rib versus tracheal cartilage
were also compared. There were significant differences (¢ test
with p < 0.05) even between different articular cartilages such
as femoral head versus tibial condyle (supplemental Table S3a)
where a relative ratio above 2 includes proteins such as hyalu-
ronan and proteoglycan link protein 1 (LINK) and CHAD,
whereas proteins below a ratio of 0.5 include proteins such as
lumican, asporin, and mimecan. By comparing femoral versus
humeral head cartilages (supplemental Table S3b), the most
significantly high ratio proteins were observed for cartilage
intermediate layer protein 1 (CILP-1) (3.0) and matrilin-3 (2.7),
whereas mimecan showed a low ratio (0.3). The comparison of
humeral head versus tibial knee (supplemental Fig. S3c)
revealed that these tissues were more similar in composition
with mainly two proteins differing: CHAD (2.1) and asporin
(0.4). In the comparison of articular cartilage to meniscus (sup-
plemental Fig. S3d), we selected the knee tibial condyle as the
representative because they represent structures of the same
joint. The relative abundance of aggrecan, LINK, and extracted
collagen II were more than 10-fold and CHAD was ~5-fold
higher in the knee tibial condyle. On the other hand both
asporin and versican were around 5-fold higher in the menis-
cus. Additionally, apolipoprotein D was only found in menis-
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cus, whereas SPARC-related modular calcium-binding protein
2 (SMOC-2) was present only in tibial condylar cartilage.

The most striking differences in the other cartilages versus
the intervertebral disc annulus fibrosus and nucleus pulposus
(supplemental Table S3, e and f) were observed for matrilin-3
levels (some 20-fold higher in femoral head cartilage), whereas
versican and the rather unknown “target of Nesh-SH3” protein
were about 10-fold higher in the disc. The distribution patterns
of these two latter proteins were very similar, possibly indicat-
ing some type of unknown correlation. In general the disc struc-
tures were very similar to each other with the exception of
lubricin being 9-fold higher in nucleus pulposus, although less
than 4-fold higher in the annulus fibrosus. However, because
the articular cartilage was obtained at full thickness, we com-
pared the average lubricin value in this case and not only the
superficial layer. The significant differences between annulus
fibrosus and nucleus pulposus (supplemental Table S3i) were
showing a trend of more ECM proteins present in the annulus
fibrosus compared with femoral head cartilage. However, lubri-
cin had a tendency (p = 0.09) of being higher in the nucleus
pulposus. The tensile loading in meniscus and annulus fibrosus
with an ordered collagen network made it interesting to com-
pare these tissues as well. The comparison is presented in sup-
plemental Table S3j and proteins such as aggrecan, LINK, and
CHAD were significantly more abundant (almost 10-fold) in
annulus fibrosus, whereas asporin (0.12), collagen VI (0.3), and
tenascin-X (0.16) were more abundant in the meniscus.

The femoral head cartilage was also compared with rib and
tracheal cartilages (supplemental Tables S3, g and /) where
higher levels were found for proteins such as COMP (6- and
22-fold compared with rib and tracheal cartilages, respectively)
and CILP-2 (6- and 7-fold, respectively). In contrast chondro-
modulin was almost 10-fold higher in both rib and trachea.
Matrilin-1 stood out as highly specific for both rib and tracheal
cartilages with at least 50-fold higher levels detected. Another
specific protein was epiphycan being detected in rib and tra-
cheal cartilages only. The comparison of rib versus tracheal car-
tilages (supplemental Table S3k) showed small differences and
only COMP (3-fold) and lysozyme C (0.33) were significantly
different at p = 0.01.

DISCUSSION

The group of articular cartilages, meniscus, and interverte-
bral disc samples were from one set of individuals 36 —50 years,
whereas the tracheal and rib cartilages were from another set of
individuals 24-36 years old. Although the overall age range
represent mature cartilages prior to a major disease becoming
evident, we made use of the large data set to investigate for
trends in protein contents over age. We found no such trends in
either group, whereas the differences between, e.g. the articular
cartilages on one hand and the tracheal and rib cartilages, are
very clear (data can be found in the supplemental data). Thus,
these differences are not a result of the different ages.

The concentration of collagen (mainly type II) in cartilage is
estimated to be in the order of 10 —15% of the tissue wet weight,
whereas that of proteoglycans is 5-10% (24). The major part of
the collagen network is insoluble in 4 M GdnHCI due to cross-
links and therefore is not extracted. The number of cross-links
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increase with age but should be high for the selected individuals
in this study, 36 —50 years. This group is below the age when
major joint pathology occurs and should represent normal tis-
sue. The same areas on the tissues of the various individuals
were selected for dissection and analysis. It should be empha-
sized that most of our studies reflect proteins extracted using 4
M GdnHCI and not necessarily total protein content.

In studies of proteins extracted with strongly chaotropic
agents we have demonstrated major differences in selected pro-
teins between cartilaginous tissues. The overall data show that
articular cartilages were rather similar although some distinct
and significant differences were identified. Similarly, patterns
of disc structures for the annulus fibrosus and nucleus pulposus
were quite similar. The same was true for the rib and tracheal
cartilages. However, the meniscus was rather different from all
other tissues investigated with proteins like asporin being very
high, whereas aggrecan was indeed low. We detected most of
the proteins expected to be present in cartilage extracellular
matrix. However, some low abundant proteins such as the fibu-
lins were not detected. This could be due to the data-dependent
approach where medium to high abundant proteins are favored
over low abundant proteins. The highest signals are selected for
MS-MS and therefore low abundant proteins are rarely
selected. To address the low abundant proteins, targeted pro-
teomics will become an alternative for low abundance proteins
of interest.

The work presented herein also address the often over-
looked, insoluble fraction after GdnHCI extraction. Surpris-
ingly, several molecular entities were only partially extracted by
4 M GdnHCI despite indications of efficient extraction in gen-
eral, in the form of almost other completely extracted proteins.
Significant amounts could be recovered in the residue by pro-
tease digestion. These proteins include matrilin-1, COMP, and
CILP. At the same time aggrecan was mainly present in the
extract and collagens in the residue to verify that extraction was
not generally poor but at the levels previously reported.

The data presented in this work are based on normal human
tissue and will serve as an important reference material for
future studies of pathological cartilage. Although not investi-
gated in this study of normal tissues it has been shown that
some proteins such as asporin, CILP, and COMP are elevated in
pathological tissue in both early and late osteoarthritic cartilage
(25). The D14 allele of asporin has been associated with an
increased risk of osteoarthritis in Chinese (26), Japanese (27),
and Korean populations (28). Additionally, the same D14 allele
was found to be associated with lumbar disc degeneration in
Chinese and Japanese populations (29). Recently, asporin has
been reported to be more abundant in the more degenerate
human discs and more frequently in the annulus fibrosus (30).
The data in our study demonstrate the presence of asporin in all
selected tissues but the levels are in general low except for the
meniscus. Any specific functions within this tissue are largely
unexplored. The increased levels of asporin in diseases such as
osteoarthritis and disc degeneration might be a result of a cel-
lular repair response within the affected tissue. The protein is
suggested to interact with TGF- and modulate its signaling
pathway (31). However, decorin and biglycan also binds TGF-$
(32, 33). The similar distribution pattern of asporin and decorin
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is especially interesting in view of the overlapping binding of
collagen between the two (34). Biglycan shows a different dis-
tribution pattern with particularly high levels in the hyaline
cartilages and lower levels in the intervertebral disc. Biglycan
primarily binds to collagen type VI rather than the fibril form-
ing collagens. The molecule therefore appears to have a differ-
ent role despite the fact that decorin and biglycan both bind the
same N-terminal site of collagen VI albeit affecting beaded fil-
ament formation differently (35).

Most SLRPs are known to interact with collagen (for refer-
ences, see Kalamajski and Oldberg (3)). Fibromodulin and
lumican, both class II members, show complementary distribu-
tion patterns. These proteins seem to compete for the same
binding site in collagen type I although with different affinity
(36, 37). Fibromodulin-deficient mice have weaker tendons
with a larger proportion of thin and abnormally shaped colla-
gen fibrils and show 4-fold increased levels of lumican protein
(36), whereas lumican-deficient mice have reduced corneal
transparency and skin fragility but an unaltered fibromodulin
level (38). It has been suggested that lumican promotes forma-
tion of thinner collagen fibrils, whereas fibromodulin appears
to be necessary for thick fibril formation (3). The fact that lumi-
can protein concentration is increased in the fibromodulin null
mouse despite a lower expression (mRNA level) implies that
there is a sequence of events, such that lumican is expressed
early to be replaced by fibromodulin and that this replacement
induces fibril lateral growth. Whether this change resulted in
thicker collagen fibrils observed in articular, rib, and tracheal
cartilages compared with thinner fibrils in the meniscus and the
intervertebral disc remains to be shown.

The similar distribution pattern of PRELP and fibromodulin
is interesting in view of the demonstrated binding of the N-ter-
minal tyrosine sulfate domain of fibromodulin to the basic clus-
ter heparin-binding domain of PRELP. It is possible that this
interaction can link the two molecules bound at the surface of
collagen fibers and enhance tissue mechanical stability. Repre-
senting SLRPs class III, we detected epiphycan in rib and tra-
cheal cartilages only. Epiphycan has previously been detected in
epiphyseal cartilage (39, 40) and in the articular cartilage of
young animals (41) but not in adults. Consequently, to our
knowledge, this is the first time that epiphycan was detected in
rib and tracheal cartilages. Its presence may reflect some chon-
drocyte hypertrophy and tissue mineralization often seen in
these two tissues. CHAD distinguishes itself from other SLRPs
(with the exception of osteoadherin) by binding cells mediated
via the a,3;-integrin. In addition, it contains a heparin-binding
domain but with different binding specificity than that of
PRELP. It is interesting to speculate why the protein levels in
the meniscus are uniquely low. It may relate to alow abundance
of cells with a chondrocyte phenotype.

We found markedly higher levels of lubricin in the interver-
tebral disc structures compared with other cartilage subtypes,
with the highest levels detected in the nucleus pulposus.
Recently, the distribution of lubricin in the intervertebral disc
was reported and positive immune histochemical staining of
lubricin was shown in all parts of the intervertebral disc, with
the highest abundance in the nucleus pulposus (42). The high
levels of lubricin in the intervertebral disc could have a func-
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tional role as a lubricant to decrease friction during movement
of the spine. Lubricin or proteoglycan 4, a mucin-like glycopro-
tein, was originally identified as a lubricating protein present in
synovial fluid (43). Mutations result in severe joint dysfunction,
but also in problems at other sites such as the pericardium (44).
In the joint, the protein is produced by superficial chondro-
cytes, but appears not to be efficiently retained in cartilage (22).
The protein is also produced in the synovial membrane (45).
The lower levels found in articular cartilage could be explained
by the fact that full thickness cartilage was analyzed obscuring
the higher levels in the superficial zone layer. Recent studies
using animal models of osteoarthritis have reported a protec-
tive effect against cartilage degeneration by intra-articular
injections of lubricin (46) and the protein is considered prom-
ising as a putative therapeutic agent (47).

We have chosen not to show all the data in graphic form to
focus on particularly prominent and interesting differences.
However, all the data on the individual proteins detected are
provided in supplemental Fig. S1 and Tables S1-S3.

Taken together the data provides novel insights into different
structure-function relationships, where at the molecular level
even articular cartilages can be divided into different groups,
but with overall very similar compositions. The different com-
positions provide some insight into why disease shows tropism
to different cartilages, where notable selectivity ranges from
arthritis affecting articular cartilages while neither the other
cartilages nor the intervertebral disc are engaged. On the other
hand, relapsing polychondritis in its typical form does affect
cartilage in trachea, nose, and ear, although does not affect the
articular cartilage. The observation of differences between
articular cartilages may reflect that knee and hip osteoarthritis
primarily affect different individuals.

Future work to further our understanding needs to take into
account differences in composition over the joint, exemplified
by the medial and lateral compartments of the knee, which are
differently affected by osteoarthritis. Also, a detailed analysis of
variability in molecular composition with distance from the
surface of the articular cartilage will provide important infor-
mation that when coupled to an understanding of, e.g. mechan-
ical properties, will increase our understanding of the biology of
the joint and lay groundwork for comprehending its pathology.
The technology presented here lays the groundwork for such
studies and applying information to targeted approaches by
mass spectrometry will allow more broad-reaching studies of
the tissue detailed organization.
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